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Theory hits Reality in 
Tevatron Run I
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Reminder: B Cross Section “Crisis” in   

Tevatron Run I
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Measured and predicted b production cross section as function of pt at 
CDF and DØ (B+, and incl b respectively). Measurement > theory.

Since then: better theory (e.g. FONLL). And a better experiment: 
Tevatron RunII, upgraded collider and detectors
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Tevatron Run II
• Run II started in 2001

• Tevatron collides protons and 
anti-protons at cm energy 
1.96TeV

• 2.5 M times per second.

• Huge b and charm x-section.

• Detector upgrades for heavy 
flavour physics, e.g. high-
resolution Si vtx trackers, 
trigger upgrades.
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Tevatron Luminosity

• 3/fb delivered

• ca 1/fb of those 
analysed 

• (all numbers per 
experiment)

4  2007 Users Mtg. – R. Dixon
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Detectors
• Both detectors good for 

heavy flavour physics, with 
excellent vtx resolution, 
muon coverage, trigger...

• DØ’s special skill: Large 
muon coverage, to |η| ≤ 2.  
Excellent for leptonic and 
semileptonic modes.

• CDF’s special skill: High 
bandwidth displaced-track 
trigger. Unique capabilities in 
fully hadronic modes.

5

CDF

DØ



CHARM 07, Ithaca NY, 05 Aug 2007             Jonas Rademacker (University of Bristol) on behalf of CDF and DØ.

Tevatron Events

• One (usually very busy) event every 396ns

• Write to tape only ~0.003% (CDF). 

• Which ones? Trigger crucial.

• Two strategies for heavy flavour: Leptons, or displaced tracks.

6

protons

anti!

protons

CDF at Tevatron

• CDF’s Displaced Track Trigger
⇒ finds B’s!

• New Si microstrip detector
→ excellent time resolution.

p− p̄ collisions every 396ns
View live events at
http://www.fnal.gov/pub/now/live events/cotview.html

(or here)

7
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Di-μ trigger

7

• Finds J/ψ, B→J/ψX, 
B→μμ(X)

• Very clean trigger in 
hadron environment.

• Especially powerful at 
DØ with its excellent 
μ coverage.
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Displaced Track Trigger
• Requires two tracks with 

pt > 2GeV IP > ~0.1mm

• Finds fully hadronic B and 
D decays (the majority)

• Designed for B,  but also 
good for Charm. E.g. in 1.1/
fb at CDF: 13 M Dº→Kπ,  
0.3M Ds→Φ(KK)π.

• CDF’s two-track trigger 
has enough bandwidth to 
run w/o additional lepton 
requirements.

8

Trigger on this distance
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Track + lepton

• A mixture between 
the above

• Requires (at least) one 
displaced track, and 
one lepton (e or μ).

• Finds B→Dlν
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Direct Charm Meson 
production x-section

• Fully reconstructed D 
meson, hadronic modes 
from 5.8/pb.

• Plot shows σ(|y|≤1) for 
Dº. Grey band shows 
FONLL prediction. 
Plots for D*, D+, Ds 
look similar.

• Measured/FONLL 
~1.5–2, but OK within 
uncertainties.

10For FONLL see: hep-ph/0312132 
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FIG. 2: The impact parameter distributions of the D0 mesons, measured from the ±2σ signal

region of the invariant mass distribution and corrected for combinatoric background measured in

the invariant mass sidebands. The solid curve is the fit result summed over all pT bins. The dashed
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FIG. 3: The measured differential cross section measurements for |y| ≤ 1, shown by the points.

The inner bars represent the statistical uncertainties; the outer bars are the quadratic sums of

the statistical and systematic uncertainties. The solid curves are the theoretical predictions from

Cacciari and Nason [16], with the uncertainties indicated by the shaded bands. The dashed curve

shown with the D∗+ cross section is the theoretical prediction from Kniehl [17]; the dotted lines

indicate the uncertainty. No prediction is available yet for D+
s production.
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σ(D0, pT > 5.5GeV, |y| ≤ 1) =
(13.3 ± 0.2(stat) ± 1.5(sys))µb

Use impact 
parameters 
to distinguish 
direct charm 
from B

http://xxx.lanl.gov/abs/hep-ph/0312132
http://xxx.lanl.gov/abs/hep-ph/0312132
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B x-section

• Inclusive B→J/ψX, B→DlνX [not in this plot] and excl B+ → 
J/ψK+ agree well with each other, Run I, and FONLL.

• Latest result: exclusive B+→J/ψK+

11

1

10

10
2

10
3

10
4

5 10 15 20 25

p
T
 (GeV/c)

d
!

/d
p

T
(B

+
) 

(n
b
/G

eV
/c

)

FONLL

NLO

J/"X   (1.96 TeV)

J/"K
+
 (1.96 TeV)

J/"K
+
 (1.8 TeV)

8.2±0.2k 
B+/-→J/ψK+/-
in 0.74/fb

• CDF preliminary 0.74/fb

more numbers in backup slides

σ(pp̄→ B+, pt > 6GeV, |y| < 1) = (2.64 ± 0.12(stat) ± 0.21(sys))µb
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correlated b-b x-section
• For correlated b-b x-section (both b quarks within a 

certain, central rapidity and pt range), higher order terms 
expected to be smaller, NLO should work better.

• Past Tevatron results inconclusive/contradictory. 

• Table shows ratio of previously measured σ/NLO-
prediction. (New result on next slides.)

12

Fabio Happacher showed 
this table at DIS-06 
(http://www-conf.kek.jp/
dis06/doc/WG5/hfl20-
happacher.ps)

[I modified they ways the uncertainties are 
presented, possibly adding mistakes and 
rounding errors in the process]

_

_

December 5, 2006 10:52 Proceedings Trim Size: 9in x 6in dis06

4

into muons. The present discrepancies are reduced if the rate of observed
semileptonic decays is approximately 50% higher than what is expected.

channel R2b for pmin
T (GeV/c) =

6 − 7 10 15 " 20
b + b̄ jets 1.2 ± 25%
b + b̄ jets 1.0 ± 32%
µ + b jet 1.5 ± 10%
µ+ + µ− 3.0 ± 20%
µ+ + µ− 2.3 ± 33%

Note: Table 2: Ratio R2b of σbb̄, the observed cross section for producing both b and
b̄ quarks, centrally and above a given pmin

T threshold, to the exact NLO prediction.

3. Conclusions

We review all measurements of the single b cross section performed at the
Tevatron and compare them to an exact NLO perturbative QCD prediction,
that uses pre-HERA sets of parton distribution functions and the Peterson
fragmentation function. The average ratio of the data to the NLO pre-
diction is < R >= 2.8 with a 0.7 RMS deviation much larger than the
quoted measurement uncertainties indicates that experimental results are
inconsistent among themselves.

The average of the data is found to be in agreement with the parton-level
cross section evaluated with parton-shower Monte Carlo generators and is
within the range of uncertainty of the FONLL prediction that in turn is 90%
higher than the NLO prediction, due to harder than Peterson fragmentation
functions. The contribution of higher-than-LO terms returned by LL Monte
Carlo generators is approximately a factor of two larger than that in the
FONLL or NLO calculations.

The ratio of the σbb̄ measurements (the cross section for producing both
b and b̄ quarks centrally and above the same pT threshold) to the NLO pre-
diction is < R2b >= 1.8 with a 0.8 RMS deviation, and suggests that these
measurements are also inconsistent among themselves. The < R2b > value
supports the FONLL approach. However, the level of agreement between
data and theory appears to be a function of the number of semileptonic
decays used to identify b quarks.

References
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Correlated     and     x-
section using μμ

• Reconstruct μμ pairs 
with 

• Corresponds to bb pairs 
with

13

pT ≥ 3GeV

|η| ≤ 0.7
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Correlated      and     x-
section using μμ       .

• Use impact parameters 
to distinguish

14

b→ µ , b→ µ

b→ µ , c→ µ

c→ µ , c→ µ

and contributions with 
one or more prompt μ.

Fit done in 2-D. This is the 1-D 
projection of 2-D IP 
distribution and fit
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Correlated     and     x-
section: results

• x-sections:

• Ratios (includes both exp. and theory error):

15

σb→µ,b̄→µ = (1549± 133)pb σc→µ,c̄→µ = (624± 104)pb

cc̄bb̄

σbb̄ (pT ≥ 6GeV, |y| ≤ 1) = (1618 ± 148 ± [∼ 400 fragmentation]) nb

With Peterson fragmentation parameter....

ε=0.006 ε=0.002*
σmeasured

b→µ b̄→µ

σNLO
b→µ b̄→µ

= 1.0± 0.2

σmeasured
c→µ c̄→µ

σNLO
c→µ c̄→µ

= 1.6± 0.4
σmeasured

c→µ c̄→µ

σNLO
c→µ c̄→µ

= 2.7± 0.6

σmeasured
b→µ b̄→µ

σNLO
b→µ b̄→µ

= 1.2± 0.2

*Cacciari and Nason, 
Phys. Rev. Lett. 89, 

122003 (2002)
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Charm pair x-section
kinematic separation of production mechanisms

16

φ⎛ ⎛η

4

tion are needed to determine whether experimental mea-
surements are consistent with the Standard Model pic-
ture of bb production.

The NLO QCD calculation of bb production includes
diagrams from each production mechanism up to O(α3

S).
The NLO calculation is the lowest order approach that re-
turns sensible results because certain classes of diagrams
which first appear at O(α3

S)–often referred to as flavor ex-
citation and gluon splitting diagrams (see below)–provide
contributions of approximately the same magnitude as
the lowest-order diagrams, which are O(α2

S). This contri-
bution can be understood by considering the cross section
for gg → gg which is approximately two orders of mag-
nitude larger than the cross section for gg → bb. Higher-
order bb diagrams can be formed from the leading-order
diagram gg → gg by adding a g → bb vertex to either in
the initial or final state, but even with the O(αS) sup-
pression, these higher-order diagrams still provide contri-
butions that are numerically comparable to the leading-
order terms [1, 9]. Therefore, higher-order corrections to
bb production cannot be ignored, and a recent measure-
ment indicates that the higher order diagrams contribute
a factor of four above the leading order term [16].
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FIG. 1: Example Feynman diagrams that contribute bottom
production. The bottom two virtual exchange diagrams enter
into the NLO calculation through interferences with leading-
order terms. Interferences between the flavor creation, flavor
excitation, and gluon splitting diagrams, as well as the virtual
exchange diagrams, are ignored in the parton shower approx-
imation

An alternative approach to estimating the effects of
higher-order corrections is the parton shower model im-
plemented by the Pythia [17, 18] and Herwig [19]

Monte Carlo programs1. The parton shower approach
is not exact to any order in αS but rather tries to ap-
proximate corrections to all orders by using leading-order
matrix elements for the hard two-to-two QCD scatter and
adding addition initial- and final-state radiation using a
probabilistic approach. In this approximation, the dia-
grams for bb production can be divided into three cate-
gories:

Flavor Creation refers to the lowest-order, two-to-two
QCD bb production diagrams. This process in-
cludes bb production through qq annihilation and
gluon fusion, plus higher-order corrections to these
processes. Because this production is dominated
by two-body final states, it tends to yield bb pairs
that are back-to-back in ∆φ and balanced in pT .

Flavor Excitation refers to diagrams in which a bb pair
from the quark sea of the proton or antiproton is ex-
cited into the final state because one of the quarks
from the bb pair undergoes a hard QCD interaction
with a parton from the other beam particle. Be-
cause only one of the quarks in the bb pair under-
goes the hard scatter, this production mechanism
tends to produce b quarks with asymmetric pT . Of-
ten, one of the b quarks will be produced with high
rapidity and not be detected in the central region
of the detector.

Gluon Splitting refers to diagrams where the bb pair
arises from a g → bb splitting in the initial or final
state. Neither of the quarks from the bb pair partic-
ipate in the hard QCD scatter. Depending on the
experimental range of b quark pT sensitivity, gluon
splitting production can yield a bb distribution with
a peak at small ∆φ.

Figure 1 illustrates some lowest-order examples of each
type of diagram. The general trend is that flavor creation
diagrams, being dominated by two-body bb final states,
tend to produce back-to-back bb pairs balanced in pT ,
while flavor excitation and gluon splitting, which neces-
sarily involve multiparticle final states including a bb pair
and light quarks or gluons, produce bb pairs that are more
smeared out in ∆φ and pT . Categorizing bb diagrams in
this scheme becomes ambiguous at higher order in per-
turbation theory. In the parton shower approximation,
flavor creation, flavor excitation, and gluon splitting pro-
cesses can be separated exactly based on how many b
quarks participate in the hard two-to-two scatter. Inter-
ference terms among the three production mechanisms,

1 Herwig and Pythia use the exact matrix elements for all parton-
parton two-to-two scatterings. However, all two-to-N (N > 2)
processes are estimated using the “leading-log” approximation,
which becomes exact in the limit of “soft” or “collinear” emis-
sions. As a result, such Monte Carlo programs are often said to
use the “leading-log approximation.”

large Δφ

small Δφlarge(ish) Δη

Flavour Creation

Flavour Excitation Gluon Splitting
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Charm pair x-section
• Collinear production 

as important as back-
to-back.

• Pythia (tune A, LO
+parton shower): 
Overall OK but 
under-estimates 
collinear, and over-
estimates back-to-
back production.

• Similar for D+D*
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Charmonium/Bottomium

• Can’t produce colour-neutral  
Jp - 1- cc pair by simple 
gluon fusion.

• Simplest solution: produce a 
coloured state and “bleach” 
by radiating off one (hard) 
gluon. 

• Dramatically fails to predict 
x-sections (meas/predict ~30 
for J/ψ).
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Figure 1: (a) The ‘bleaching’ gluon subprocess used in the original ‘colour-singlet’ perturbative

QCD estimates of prompt J/ψ hadroproduction. (b) The perturbative QCD mechanism studied
in this paper. In each case the subprocess gg → J/ψ g is shown in bold.

coupling αs, and by the additional phase space factor associated with the extra gluon emission.
As a result the LO QCD prediction [1] is found to be about an order of magnitude lower than

the experimental yield of J/ψ mesons.

An alternative and more phenomenological approach is provided by the Colour Evaporation

Model (CEM) [2]. Here the quarkonium production cross section is an (a priori unknown)
fraction of the QQ̄ heavy quark cross section integrated over the mQQ̄ invariant mass up to the

threshold for producing a pair of the lightest heavy flavour mesons. There are no constraints
on the colour or spin of the QQ̄ pair, the transition from colour-octet QQ̄ to colour-singlet

quarkonium is assumed to take place by the ‘evaporation’ of soft gluons. The fraction of QQ̄
pairs that materialise as a particular quarkonium state, fcc̄→J/ψ for example, is assumed to be
universal and is adjusted to give the best fit to existing data.1 Despite its phenomenological

success, the CEM has no firm theoretical foundation. In practice one would not expect the
evaporation of soft gluons to take place independently of the particular collision environment,

and there is no reason why such soft interactions would not modify the quarkonium production
properties, and in particular its collision energy dependence. This is precisely what happens in
the theoretically more rigorous formalism for quarkonium production that we introduce below.

The currently most popular and widely used description of quarkonium production is based

on a nonrelativistic QCD (NRQCD) effective field theory approach [3], which retains features
of both the CSM and CEM. Here QQ̄ pairs are produced via a hard partonic (short-distance)
subprocess, in both colour-singlet and colour-octet states, and non-perturbative universal ma-

trix elements describe the (large-distance) transition of the QQ̄ pair into particular quarkonium
1In practice, it will of course depend on the parameters and pdfs used in the calculation of the QQ̄ cross

section.

2
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JP = 1−

Lansberg, Int. J. Mod. Phys. A21 (2006)
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Charmonium/Bottomium

• colour radiated off by soft 
gluons. 

• Adjustable hadronisation 
parameters allow match to 
observed p_t spectra and x-
sections. 

• Predicts transverse 
polarisation of J/ψ

19

!"#$%&'()&*++(,-.#/&0&12.345&6#78394$7:&.4&4-2&;2<.4#7:)&&&&13#=.#8&,>&?2$@2#4)&AB!CDE6F 'G

Quarkonia Production

!"#"$%&'()#*+%,"-*#.
! //%01'$%'2%34#*1/5*-6 47%$1-'1+'()%

"88%1%51$-%)#9"(
! :(-*$*2+';1+*2%<=! >?=?@A%1(-

!B >?=C@A%0$"-9/+'"(
! D**-%-"E(%8$";%"/F -";'(1+*2%

>GH@IA%<=! 0$"-9/+'"(%
>!JD%K9(%L%8'(-2%M@IA

! NO 20*/+$9;%-"*2%("+%;1+/5%
-1+1%

" "

""

HD! HD!

-.#8&I

@7J4&I

9

9

9

9

P"(%$*#1+'Q'2+'/%R!J%'(+$"-9/*2
!"#"$%S/+*+%,*/51('2;.
! &"8+%)#9"(%$1-'1+'"(
! T-F92+14#*%51-$"('U1+'"(

01$1;*+*$%1##"E2%+"%;1+/5%+5*%
"42*$Q*-%NO 20*/+$1%1(-%
0$"-9/+'"(%/$"22%2*/+'"(2

! N$*-'/+2%+$1(2Q*$2*%
0"#1$'U1+'"(%8"$%<=!V%-*Q'1+*2%
8$";%-1+1

NRQCD - Colour Octet
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QCD estimates of prompt J/ψ hadroproduction. (b) The perturbative QCD mechanism studied
in this paper. In each case the subprocess gg → J/ψ g is shown in bold.

coupling αs, and by the additional phase space factor associated with the extra gluon emission.
As a result the LO QCD prediction [1] is found to be about an order of magnitude lower than

the experimental yield of J/ψ mesons.

An alternative and more phenomenological approach is provided by the Colour Evaporation

Model (CEM) [2]. Here the quarkonium production cross section is an (a priori unknown)
fraction of the QQ̄ heavy quark cross section integrated over the mQQ̄ invariant mass up to the

threshold for producing a pair of the lightest heavy flavour mesons. There are no constraints
on the colour or spin of the QQ̄ pair, the transition from colour-octet QQ̄ to colour-singlet

quarkonium is assumed to take place by the ‘evaporation’ of soft gluons. The fraction of QQ̄
pairs that materialise as a particular quarkonium state, fcc̄→J/ψ for example, is assumed to be
universal and is adjusted to give the best fit to existing data.1 Despite its phenomenological

success, the CEM has no firm theoretical foundation. In practice one would not expect the
evaporation of soft gluons to take place independently of the particular collision environment,

and there is no reason why such soft interactions would not modify the quarkonium production
properties, and in particular its collision energy dependence. This is precisely what happens in
the theoretically more rigorous formalism for quarkonium production that we introduce below.

The currently most popular and widely used description of quarkonium production is based

on a nonrelativistic QCD (NRQCD) effective field theory approach [3], which retains features
of both the CSM and CEM. Here QQ̄ pairs are produced via a hard partonic (short-distance)
subprocess, in both colour-singlet and colour-octet states, and non-perturbative universal ma-

trix elements describe the (large-distance) transition of the QQ̄ pair into particular quarkonium
1In practice, it will of course depend on the parameters and pdfs used in the calculation of the QQ̄ cross

section.
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coupling αs, and by the additional phase space factor associated with the extra gluon emission.
As a result the LO QCD prediction [1] is found to be about an order of magnitude lower than

the experimental yield of J/ψ mesons.

An alternative and more phenomenological approach is provided by the Colour Evaporation

Model (CEM) [2]. Here the quarkonium production cross section is an (a priori unknown)
fraction of the QQ̄ heavy quark cross section integrated over the mQQ̄ invariant mass up to the
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quarkonium is assumed to take place by the ‘evaporation’ of soft gluons. The fraction of QQ̄
pairs that materialise as a particular quarkonium state, fcc̄→J/ψ for example, is assumed to be
universal and is adjusted to give the best fit to existing data.1 Despite its phenomenological

success, the CEM has no firm theoretical foundation. In practice one would not expect the
evaporation of soft gluons to take place independently of the particular collision environment,

and there is no reason why such soft interactions would not modify the quarkonium production
properties, and in particular its collision energy dependence. This is precisely what happens in
the theoretically more rigorous formalism for quarkonium production that we introduce below.

The currently most popular and widely used description of quarkonium production is based

on a nonrelativistic QCD (NRQCD) effective field theory approach [3], which retains features
of both the CSM and CEM. Here QQ̄ pairs are produced via a hard partonic (short-distance)
subprocess, in both colour-singlet and colour-octet states, and non-perturbative universal ma-

trix elements describe the (large-distance) transition of the QQ̄ pair into particular quarkonium
1In practice, it will of course depend on the parameters and pdfs used in the calculation of the QQ̄ cross

section.

2

+

• Include 2nd order diagrams of 
the type shown above.

• LO pQCD calculation matches 
observed p_t spectra and x-
section.

• Predicts longitudinal polarisation 
of J/ψ, increasing with pt.

pQCD

V.A. Khoze, A.D. Martin, M.G. Ryskinand  W.J. Sterling Eur. 

Phys. J. C 39, 163-171 (2005) hep-ph/0410020. 

E.L. Berger, J. Qiu, Y. Wang hep-ph/0411026

+
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Charmonium/Bottomium
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NRQCD - Colour Octed QCD with higher order terms

Q
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Br d!/dQ
t
   nb/GeV     ( |y| < 0.6 )

J/"

"´

Tevatron

Figure 4: The transverse momentum (Qt) distributions of inelastic J/ψ and ψ′ production.

The data are from Refs. [13, 16]. The upper and lower data sets for the Qt distribution of the
J/ψ correspond to the total (at

√
S = 1.96 TeV) and prompt (at

√
S = 1.8 TeV) J/ψ yields

respectively; recall that our QCD prediction is for prompt production only.
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J/ψ, ψ′ and Υ Production at Hadron Colliders: a review 33

The idea of combining fragmentation as the main source of production with
allowed transitions between a χc to a 3S1 in a colour-octet state, was applied by
Braaten and Yuan45. Indeed, similar formulae to the one written for fragmentation
within the CSM can be written for fragmentation functions in NRQCD78:

Dg→Q(z, µ) =
∑

d
[2S+1L

(1,8)
J ]

(z, µ)〈OQ[2S+1L(1,8)
J ]〉, (28)

where d[·](z, µ) accounts for short-distance contributions and does not depend on
which Q is involved. But since the theoretical predictions for prompt J/ψ production
did not disagree dramatically with data and since there was no possible χc decay
to ψ′, a possible enhancement of the χc cross section by colour-octet mechanism
(COM) was not seen at that time as a key-point both for J/ψ and ψ′ production.

However, in the case of J/ψ and ψ′ production, COM could still matter, but in
a different manner: fragmentation of a gluon into a 3P (8)

J is possible with solely one

gluon emission and fragmentation into a 3S(8)
1 requires no further gluon emission

(at least in the hard process –described by d[·](z, µ)– and not in the soft process
associated with O). Concerning the latter process, as two chromoelectric transitions
are required for the transition |cc̄gg〉 to |cc̄〉, the associated LDME 〈Oψ[3S(8)

1 ]〉 was
expected to scale as m3

cv
7. In fact, d

[3S
(8)
1 ]

, the contribution to the fragmentation

function of the short-distance process g → 3S(8)
1 was already known since the paper

of Braaten and Yuan45 and could be used here, as the hard part d[·](z, µ) of the
fragmentation process is independent of the quarkonium.

Fig. 22. Differential cross section versus pT of the CSM (dotted: LO; dashed: fragmentation and
LO) production and of the COM fragmentation (solid curve) to be compared with CDF preliminary
measurements of the direct production of ψ′ 40 (Reprinted figure from Ref. 78 with permission of
American Physical Society. Copyright (1995)).

In a key paper, Braaten and Fleming78 combined everything together to cal-
culate, for the Tevatron, the fragmentation rate of a gluon into an octet 3S1 that

Both models describe differential x-sections well (data from RunI)
But they predict different polarisations - see next slide

Khoze et al, Eur. Phys. J. C 39, 163-171 (2005) 

hep-ph/0410020

E. Braaten and S. Fleming, Phys. Rev. Lett. 74 (1995) 3327

 [arXiv:hep-ph/9411365]

ψ’

ψ’
J/ψ ignore open 

circles

Figure 1: (a) The ‘bleaching’ gluon subprocess used in the original ‘colour-singlet’ perturbative

QCD estimates of prompt J/ψ hadroproduction. (b) The perturbative QCD mechanism studied
in this paper. In each case the subprocess gg → J/ψ g is shown in bold.

coupling αs, and by the additional phase space factor associated with the extra gluon emission.
As a result the LO QCD prediction [1] is found to be about an order of magnitude lower than

the experimental yield of J/ψ mesons.

An alternative and more phenomenological approach is provided by the Colour Evaporation

Model (CEM) [2]. Here the quarkonium production cross section is an (a priori unknown)
fraction of the QQ̄ heavy quark cross section integrated over the mQQ̄ invariant mass up to the

threshold for producing a pair of the lightest heavy flavour mesons. There are no constraints
on the colour or spin of the QQ̄ pair, the transition from colour-octet QQ̄ to colour-singlet

quarkonium is assumed to take place by the ‘evaporation’ of soft gluons. The fraction of QQ̄
pairs that materialise as a particular quarkonium state, fcc̄→J/ψ for example, is assumed to be
universal and is adjusted to give the best fit to existing data.1 Despite its phenomenological

success, the CEM has no firm theoretical foundation. In practice one would not expect the
evaporation of soft gluons to take place independently of the particular collision environment,

and there is no reason why such soft interactions would not modify the quarkonium production
properties, and in particular its collision energy dependence. This is precisely what happens in
the theoretically more rigorous formalism for quarkonium production that we introduce below.

The currently most popular and widely used description of quarkonium production is based

on a nonrelativistic QCD (NRQCD) effective field theory approach [3], which retains features
of both the CSM and CEM. Here QQ̄ pairs are produced via a hard partonic (short-distance)
subprocess, in both colour-singlet and colour-octet states, and non-perturbative universal ma-

trix elements describe the (large-distance) transition of the QQ̄ pair into particular quarkonium
1In practice, it will of course depend on the parameters and pdfs used in the calculation of the QQ̄ cross

section.
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Measuring onium 
polarisation

• Measure

• α=0 if all helicity 
states equally likely.

• Extract from angular 
distribution.      is the 
angle between J/ψ and 
μ in J/ψ restframe.
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α ≡ σT − 2σL

σT + 2σL

dN

d(cosθ∗)
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J/ψ polarisation
• Select ca 0.8M 

prompt J/ψ in 0.8/fb 
(B→J/ψX removed by 
IP-significance cuts)

• Fit          distribution 
in bins of pt - below 
are 3 examples:

22
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J/ψ polarisation

• Significant 
longitudinal 
polarisation, in 
contradition to 
to NRQCD/
colour octet 
prediction.
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ψ(2S) polarisation

• Theoretically 
cleaner because 
no feed-down 
from higher 
states

• Also observe 
significant 
longitudinal 
polarisation
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ϒ(1S), ϒ(2S) polarisation

• DØ find 420,000 ϒ(nS).

• Single-trigger selection reduces this to 170,000 ϒ(nS) from di-μ 
trigger.

25

D , Run 2 Preliminary, 1.3 fb–1
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ϒ(1S) polarisation

• Find significant, 
pt dependent 
longitudinal 
polarisation.

• Incompatible 
with NRQCD/
colour-octet

26

D , Run 2 Preliminary, 1.3 fb
–1

NRQCD
Braaten, Lee, Phys. Rev. D63, 

071501 (R) (2001)

kt-factorisation [Baranov, hep-ph/0707.0253]

with quark-spin conservation
with full quark-spin depolarisation

prev CDF result with |y| < 0.4
Acosta et al, Phys. Rev. Lett 88,161802 (2002)

DØ measurement
(|y| < 2)
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ϒ(2S) polarisation

• Same study for ϒ
(2S)

• Not incompatible 
with NRQCD/
colour-octet 
within (lower) 
stats.

27

D , Run 2 Preliminary, 1.3 fb
–1
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Measuring                   .

• Experimentally tricky 
because of soft   
in                    . Soft 
photons give bad 
energy resolution.

• Good lumi at Tevatron 
allows use of 
conversion                 . 
It’s inefficient, but has 
good energy resolution. 
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Measuring                   .
• Excellent mass resolution.

• Separate prompt from B using 
decay distance

• Find:

• Colour octet predicts 5/3 
(counting of spin states).
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σ(χc2)/σ(χc1)

for pt(χcJ) ∈ [4, 20]GeV

σ(χc2)
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= 0.70± 0.04(stat)± 0.03(sys)± 0.06(BF)
3.3 3.5 3.7

M(J/ψ γ) 
[GeV]

| | |

1–

0.6 –

0.8 –

0.4 –

0.2 –

0.0 –
4 8 12 16

pt 
[GeV]

| | | |

σ
(χ

c2
)/

σ
(χ

c1
)



CHARM 07, Ithaca NY, 05 Aug 2007             Jonas Rademacker (University of Bristol) on behalf of CDF and DØ.

Conclusions

• Plenty of heavy flavour produced at Tevatron. Triggers 
originally designed for beauty find loads of that - and charm.

• Active field at Tevatron, most results shown < 1y old.

• Keep challenging theory with measurements beyond ‘just 
dσ/dp’: angular correlations, polarisation, .... first precision 
measurement of                       . 

• There are 3× as much data on tape, and the machine is 
doing better than ever, so there’s more to come.

30

σ(χc2)/σ(χc1)
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Backup

31
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Inclusive B x-section

•                     from 
B→DμνX decays.

• Using only 83/pb but 
systematics-limited.

• Consistent with prev. result 
using  J/ψ, and FONLL.
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For pt > 9 GeV, |y| < 0.6:
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excl B+ x-section

• Measurement/NLO = 2.67±0.23

• Agrees with other J/ψ-based analyses and FONNL.

33

1

10

10
2

10
3

10
4

5 10 15 20 25

p
T
 (GeV/c)

d
!

/d
p

T
(B

+
) 

(n
b

/G
eV

/c
)

FONLL

NLO

J/"X   (1.96 TeV)

J/"K
+
 (1.96 TeV)

J/"K
+
 (1.8 TeV)

8.2±0.2k 
B+→J/ψK+
in 0.74/fb

σ (pt > 6GeV, |y| < 1) = (2.65 ± 0.12(stat) ± 0.21(sys))µb

• CDF preliminary 0.74/fb



CHARM 07, Ithaca NY, 05 Aug 2007             Jonas Rademacker (University of Bristol) on behalf of CDF and DØ.

34

 (GeV/c)
T

B p

10 20 30 40

 (
n

b
/G

e
V

)
T

B
)/

d
p

!
(p

p
b

a
r

"
d

1

10

2
10

3
10

X
0

D
-
!! from B

T
dp

"d

X
*+

D
-
!! from B

T
dp

"d

X# J/! from B

T
dp

"d

FONLL theory bound

1

10

10
2

10
3

10
4

5 10 15 20 25

p
T
 (GeV/c)

d
!

/d
p

T
(B

+
) 

(n
b

/G
eV

/c
)

FONLL

NLO

J/"X   (1.96 TeV)

J/"K
+
 (1.96 TeV)

J/"K
+
 (1.8 TeV)



CHARM 07, Ithaca NY, 05 Aug 2007             Jonas Rademacker (University of Bristol) on behalf of CDF and DØ.

35

m]µ[ Impact Parameter

m
µ

E
n

tr
ie

s
 p

e
r 

1
0
 

1

10

10
2

10
3

-400 -200 0 200 400

+!
-K"

0D

FIG. 2: The impact parameter distributions of the D0 mesons, measured from the ±2σ signal

region of the invariant mass distribution and corrected for combinatoric background measured in

the invariant mass sidebands. The solid curve is the fit result summed over all pT bins. The dashed
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FIG. 3: The measured differential cross section measurements for |y| ≤ 1, shown by the points.

The inner bars represent the statistical uncertainties; the outer bars are the quadratic sums of

the statistical and systematic uncertainties. The solid curves are the theoretical predictions from

Cacciari and Nason [16], with the uncertainties indicated by the shaded bands. The dashed curve

shown with the D∗+ cross section is the theoretical prediction from Kniehl [17]; the dotted lines

indicate the uncertainty. No prediction is available yet for D+
s production.
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dσ(|y| ≤ 1)/dpT [nb/(GeV/c)]

pT range Central pT D0 D∗+ D+ D+
s

[GeV/c] [GeV/c]

5.5 − 6 5.75 7837 ± 220 ± 884 — — —

6 − 7 6.5 4056 ± 93 ± 441 2421 ± 108 ± 424 1961 ± 69 ± 332 —

7 − 8 7.5 2052 ± 58 ± 227 1147 ± 48 ± 145 986 ± 28 ± 156 —

8 − 10 9.0 890 ± 25 ± 107 427 ± 16 ± 54 375 ± 9 ± 62 236 ± 20 ± 67

10 − 12 11.0 327 ± 15 ± 41 148 ± 8 ± 18 136 ± 4 ± 24 64 ± 9 ± 19

12 − 20 16.0 39.9 ± 2.3 ± 5.3 23.8 ± 1.3 ± 3.2 19.0 ± 0.6 ± 3.2 9.0 ± 1.2 ± 2.7

TABLE I: Summary of the measured prompt charm meson differential cross sections and their

uncertainties at the center of each pT bin. The first error is statistical and the second systematic.

The products of the branching fractions [11] used are (3.81± 0.09)%, (2.57 ± 0.06)%, (9.1 ± 0.6)%

and (1.8 ± 0.5)% for D0, D∗+, D+ and D+
s , respectively.

]
2

)  [GeV/c+!
-

m(K

1.8 1.85 1.9

2
E

n
tr

ie
s
 p

e
r 

2
 M

e
V

/c

0

1000

2000

3000

+!-K"0D (a)

]
2

)  [GeV/c+!
-

)-m(K+!+!
-

m(K

0.14 0.15 0.16

2
E

n
tr

ie
s
 p

e
r 

0
.3

 M
e
V

/c

0

200

400

600

800 ,+!0D"+D*
+!-K"0D

(b)

]
2

)  [GeV/c+!+!
-

m(K

1.7 1.8 1.9 2

2
E

n
tr

ie
s
 p

e
r 

2
 M

e
V

/c

0

1000

2000

+!+!-K"+D (c)

]
2

)  [GeV/c+!-K
+

m(K

1.8 1.9 2 2.1

2
E

n
tr

ie
s
 p

e
r 

5
 M

e
V

/c

0

100

200

300
+
!#"s

+D

+
!#"+D

(d)

FIG. 1: Charm signals summed over all pT bins: (a) invariant mass distribution of D0 → K−π+

candidates; (b) mass difference distribution of D∗+ → D0π+ candidates; (c) invariant mass dis-

tribution of D+ → K−π+π+ candidates; (d) invariant mass distribution of D+ → φπ+ and

D+
s → φπ+ candidates. The curves show the results of the fits described in the text.

13



CHARM 07, Ithaca NY, 05 Aug 2007             Jonas Rademacker (University of Bristol) on behalf of CDF and DØ.

37

4

tion are needed to determine whether experimental mea-
surements are consistent with the Standard Model pic-
ture of bb production.

The NLO QCD calculation of bb production includes
diagrams from each production mechanism up to O(α3

S).
The NLO calculation is the lowest order approach that re-
turns sensible results because certain classes of diagrams
which first appear at O(α3

S)–often referred to as flavor ex-
citation and gluon splitting diagrams (see below)–provide
contributions of approximately the same magnitude as
the lowest-order diagrams, which are O(α2

S). This contri-
bution can be understood by considering the cross section
for gg → gg which is approximately two orders of mag-
nitude larger than the cross section for gg → bb. Higher-
order bb diagrams can be formed from the leading-order
diagram gg → gg by adding a g → bb vertex to either in
the initial or final state, but even with the O(αS) sup-
pression, these higher-order diagrams still provide contri-
butions that are numerically comparable to the leading-
order terms [1, 9]. Therefore, higher-order corrections to
bb production cannot be ignored, and a recent measure-
ment indicates that the higher order diagrams contribute
a factor of four above the leading order term [16].

g b
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FIG. 1: Example Feynman diagrams that contribute bottom
production. The bottom two virtual exchange diagrams enter
into the NLO calculation through interferences with leading-
order terms. Interferences between the flavor creation, flavor
excitation, and gluon splitting diagrams, as well as the virtual
exchange diagrams, are ignored in the parton shower approx-
imation

An alternative approach to estimating the effects of
higher-order corrections is the parton shower model im-
plemented by the Pythia [17, 18] and Herwig [19]

Monte Carlo programs1. The parton shower approach
is not exact to any order in αS but rather tries to ap-
proximate corrections to all orders by using leading-order
matrix elements for the hard two-to-two QCD scatter and
adding addition initial- and final-state radiation using a
probabilistic approach. In this approximation, the dia-
grams for bb production can be divided into three cate-
gories:

Flavor Creation refers to the lowest-order, two-to-two
QCD bb production diagrams. This process in-
cludes bb production through qq annihilation and
gluon fusion, plus higher-order corrections to these
processes. Because this production is dominated
by two-body final states, it tends to yield bb pairs
that are back-to-back in ∆φ and balanced in pT .

Flavor Excitation refers to diagrams in which a bb pair
from the quark sea of the proton or antiproton is ex-
cited into the final state because one of the quarks
from the bb pair undergoes a hard QCD interaction
with a parton from the other beam particle. Be-
cause only one of the quarks in the bb pair under-
goes the hard scatter, this production mechanism
tends to produce b quarks with asymmetric pT . Of-
ten, one of the b quarks will be produced with high
rapidity and not be detected in the central region
of the detector.

Gluon Splitting refers to diagrams where the bb pair
arises from a g → bb splitting in the initial or final
state. Neither of the quarks from the bb pair partic-
ipate in the hard QCD scatter. Depending on the
experimental range of b quark pT sensitivity, gluon
splitting production can yield a bb distribution with
a peak at small ∆φ.

Figure 1 illustrates some lowest-order examples of each
type of diagram. The general trend is that flavor creation
diagrams, being dominated by two-body bb final states,
tend to produce back-to-back bb pairs balanced in pT ,
while flavor excitation and gluon splitting, which neces-
sarily involve multiparticle final states including a bb pair
and light quarks or gluons, produce bb pairs that are more
smeared out in ∆φ and pT . Categorizing bb diagrams in
this scheme becomes ambiguous at higher order in per-
turbation theory. In the parton shower approximation,
flavor creation, flavor excitation, and gluon splitting pro-
cesses can be separated exactly based on how many b
quarks participate in the hard two-to-two scatter. Inter-
ference terms among the three production mechanisms,

1 Herwig and Pythia use the exact matrix elements for all parton-
parton two-to-two scatterings. However, all two-to-N (N > 2)
processes are estimated using the “leading-log” approximation,
which becomes exact in the limit of “soft” or “collinear” emis-
sions. As a result, such Monte Carlo programs are often said to
use the “leading-log approximation.”
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Correlated     and     x-
section: results

• x-sections:

• Ratios (includes both exp. 
and theory error):

41

Error contributions in % of measured 
x-section

b→μ, b→μ c→μ, c→μ

∫ L dt 6% 6%

acceptance 3% 3%

fake muons 4% 11%

fit model 3% 8%

stat 1.2% 6.4%

Total 8.6% 17%

σmeasured
b→µ b̄→µ

σNLO
b→µ b̄→µ

= 1.20± 0.21

σmeasured
c→µ c̄→µ

σNLO
c→µ c̄→µ

= 2.71± 0.64

σb→µ,b̄→µ = (1549± 133)pb

σc→µ,c̄→µ = (624± 104)pb

cc̄bb̄

σbb̄ (pT ≥ 6GeV, |y| ≤ 1) = (1618 ± 148 ± [∼ 400 fragmentation]) nb


